Synaptic vesicles isolated from guinea-pig cerebral cortex had an electrophoretic mobility of -3.55,um s-1 V1 cm in saline-sorbitol, pH7.2, at 25°C (ionic strength 0.015g-ions/1). The mobility was pH-dependent, varied with ionic strength and indicated that the vesicular surface contained weak acidic functions with a pKa in the range 3.0-3.8. Although the vesicular surface was determined to be highly negatively charged, treatment with neuraminidase had no effect on mobility and indicated that the relatively strong carboxyl groups of sialic acid do not contribute significantly to vesicular electrokinetic properties. Treatment of synaptic vesicles with trypsin or trypsinized concanavalin A resulted in increases in mobility, but treatment with ribonuclease, deoxyribonuclease, chrondroitinase ABC or hyaluronidase had no significant effect on mobility. Mn2+ or Ca2+ was more effective in decreasing vesicle mobility than was Mg2+, Sr2+ or Ba2 . The electrokinetic properties of the synaptic vesicle surface are discussed and contrasted with the properties of the synaptosomal membrane.
The energetics of the presumed interaction between synaptic vesicles and the synaptic membrane can be approximately expressed as a function of geometric, electrostatic and London-van der Waal parameters of the interacting surfaces (Ambrose, 1965; Heard & Seaman, 1960) , but the theoretical and experimental development of this general type of approach is rudimentary. In the present study, the technique of particle micro-electrophoresis has been used to determine some of the electrokinetic properties of isolated synaptic vesicles. Alterations of these electrokinetic properties by changes in bulk solution pH or ionic strength, enzymatic action and adsorption of various bivalent cations and other agents provide information about the biochemical micro-environment of the vesicular surface. Analysis of these data leads to estimation of the zeta potential and average charge density at the surface. As has been pointed out (Ambrose, 1965) , electrophoretic measurements cannot indicate precise arrangements of ionogenic groups.
Recently the electrokinetic properties of the plasma membrane of synaptosomes isolated from guinea-pig cerebral cortex have been reported (Bosmann, 1972a; Bosmann & Carlson, 1972) . In many respects this membrane is similar to the plasma membranes of other mammalian cells (Ambrose, 1965; Mehrishi, 1972) with terminal N-acetylneuraminic acid groups of surface glycoconjugates contributing to the electrophoretic mobility of the synaptosome. The mechanism(s) of neurotransmitter release and the functional role of synaptic vesicles are matters of considerable conVol. 136 troversy (Holtzman et al., 1973 ). An exocytotic mechanism of release would, by definition, involve two membranes, the synaptosomal (nerve ending; presynaptic) plasma membrane and the synaptic vesicle membrane, and it was deemed important to investigate the electrochemical nature of the synaptic vesicle membrane. An exocytotic process of neurotransmitter release would almost certainly involve complex controlmechanisms for thecorrect aligment of the synaptic vesicle membrane with the inner surface of the synaptosome plasma membrane, for membrane fusion, transmitter release and the resynthesis or recycling of synaptic vesicle membranes (Heuser & Reese, 1973; Ceccarelli et al., 1973 
Methods
Solutions. Physiological saline was a solution of 0.145M-NaCl, made 0.3mM with respect to NaHCO3, pH7.2±0.1. Saline-sorbitol medium of low ionic strength was 4.5% (w/v) sorbitol, 0.0145M-NaCl and 0.3mM-NaHCO3, pH7.2+0.1. These solutions and iso-osmotic solutions of NaOH and HCl for adjusting solution pH were prepared as described by Heard & Seaman (1960) .
Isolation of synaptic vesicles. Sub-synaptosomal particle fractions were prepared exactly by the method of Whittaker and co-workers (Whittaker & Sheridan, 1965; Whittaker, 1965; Gray & Whittaker, 1962) , as previously described (Bosmann & Hemsworth, 1970) , at 0-40C from guinea-pig cerebral cortex (brain stem transected between superior and inferior colliculi). Guinea pigs (250-300g), which had been starved 16h before being killed, were the source of cerebral cortex. Fraction D was removed by suction, diluted with physiological saline, and then centrifuged at 50000g for 10min. Washing with saline was performed twice and the resultant pellet was subjected to the various experimental procedures described below.
Protein determination. Protein was determined by the method of Lowry et al (1951) , with bovine serum albumin used as a standard.
Sialic acid. Released or free sialic acid was measured by the method of Warren (1959) and total sialic acid was determined by the procedure of Svennerholm (1958) . N-Acetylneuraminic acid was used as a standard.
Treatment with trypsinized concanavalin A. Concanavalin A was trypsinized by a modified method * Abbreviations: RNAase, ribonuclease; DNAase, deoxyribonuclease.
of Burger & Noonan (1970) . Concanavalin A (25 mg) was dissolved in 2.4ml of 0.2M-phosphate, pH7.0, 0.1 ml of 2.5% (w/v) trypsin was added and the solution was incubated at 37°C for 5h. The trypsinization was stopped by the addition of 2.5ml of 1 % (w/v) trypsin inhibitor. A portion (0.9ml) of vesicle suspension in saline containing about 0.1-1.Omg of protein was incubated with 0.1ml of trypsinized concanavalin A solution at 37°C for 20min. After incubation, samples were diluted with saline-sorbitol medium and centrifuged at 50000g for 10min. The pellets were washed twice with the saline-sorbitol medium and then resuspended in 7ml of saline-sorbitol for measurement of electrophoretic mobility.
Enzymic treatment of isolated synaptic vesicles. Fraction D washed pellets containing about 0.1-1.0mg of protein were treated with various concentrations of neuraminidase, trypsin, hyaluronidase, chondroitinase ABC, DNAase or RNAase dissolved in 1 ml of physiological saline. pH was adjusted to 6.5 for treatmentwithneuraminidase or hyaluronidase and to 6.5-7.2 for treatment with trypsin, DNAase, RNAase or chondroitinase ABC. Tubes were incubated in a gently rocking water bath at 37°C for 20min. After incubation the samples were diluted with saline-sorbitol and spun at 50000g for 10min. The resulting pellets were washed two more times in saline-sorbitol and then resuspended in 7ml of saline-sorbitol for the determination of electrophoretic mobility.
Electrophoretic mobility. Measurements were made at 25±0.10C in a horizontal cylindrical chamber of small volume equipped with reversible, blackened platinum electrodes (Heard & Seaman, 1960; Bosmann, 1972a; Bosmann & Carlson, 1972) . The chamber was viewed by dark-field illumination in the apparatus obtained from Rank Brothers, Bottisham, Cambs., U.K. Mobilities of the particles were calculated inum s-m * V-l -cm (±S.E.M.); each independent value was obtained by timing the movement of at least 20 particles over a distance of 166,tm with a reversal of polarity after each measurement. Alignment of the apparatus was checked by the method of Heard & Seaman (1960) . Determinations of the mobility of washed human erythrocytes for calibration purposes were made in saline-sorbitol medium. Normal blood was taken into sodium citrate-citric acid-dextrose (ACD) medium, immediately washed in saline and then in saline-sorbitol, and assayed in the electrophoretic apparatus before each experiment. Erythrocyte mobility was compared with the value of -2.78±0.08,um-s--V-1cm reported by Heard & Seaman (1960) . Mobilities obtained in saline-sorbitol were corrected to the unit bulk viscosityofstandard saline at 25°C. Datawereanalysed with the aid ofa PDP-8 computer obtained from Digi- As is discussed by Davies & Rideal (1963) , the size and shape of particles can, in some cases, appreciably affect electrophoretic mobility. R is a correction factor allowing for ionic relaxation effects and F corrects for the interaction of the applied field with the membrane surface and interphase. The main assumptions of this equation (Abramson et al., 1964) are that inertia terms in the hydrodynamic equations used in its derivation are negligible, that slip between solvent and migrating particles does not occur and that ions behave as point charges. Correction factors for the finite size of ions have not been used and it is recognized that use of bulk-phase values of D and N is not strictly correct.
Average charge density. The application of the Gouy equation to small particles with curved surfaces is hardly justified, except for purposes of discussion. At 25°C in a uni-univalent electrolyte solution, this equation reduces (Heard & Seaman, 1960) (Bosmann, 1972a; Bosmann & Carlson, 1972) . Vesicles incubated in saline at 37°C for 30min, and then washed and assayed in saline-sorbitol, gave identical mobility values. The data given in Fig. 1 indicate that essentially a monomodal distribution of mobilities of isolated synaptic vesicles obtained. The absence of sizeable additional peaks suggests that either a homogeneous population of vesicles was being examined or that a heterogeneous population of particles had quite similar mobilities. Furthermore, in all control measurements all particles in the field had a similar mobility, as indicated by the small standard error, and it is unlikely that adsorption of varying amounts of contaminating particles or macromolecules to vesicular surfaces was occurring in these experiments. Finally, it should be noted that even in medium of high ionic strength the electrophoretic mobility is extremely great; indeed, it is probably the highest recorded to date for either a mammalian cell or a cell organelle (Bosmann, 1972a; Seaman & Uhlenbruck, 1963; Mehrishi, 1972) .
Treatment of isolated guinea-pig cerebral-cortex synaptic vesicles with neuraminidase and/or trypsin Fig. 2 and Table 2 indicate that treatment with various concentrations of neuraminidase had no where a = charge density in e.s.u. cm-2. This equation presumes that the surface potential is identical with the zeta potential and assumes that the membrane interphase is impenetrable to counterions, that the counterions behave as point charges and that the charge is distributed uniformly. Although in practice the assumptions often partly cancel one another (Davies & Rideal, 1963) Table 1 . Electrophoretic mobility of isolated guineapig synaptic vesicles and synaptosomes Experiments were performed as described in the Experimental section at 25±0.10C in solutions of 0.0145M-NaCl, 0.3mM-NaHCO3 and 4.5% (w/v) sorbitol, pH7.2±0.1. Data for electrophoretic mobility are means ±S.E.M. The value for synaptic vesicles is a mean determined from 375 observations obtained in eight independent experiments. The value for isolated synaptosomes was taken from previous data (Bosmann & Carlson, 1972) (Seaman & Cook, 1965; Bosmann, 1972b) .
Incubation of the vesicle fraction with increasing concentrations of trypsin resulted in increasing electrophoretic mobilities, whereas incubation with boiled enzyme or enzyme inactivated by soya-bean-trypsin inhibitor had no effect. Brief exposure to trypsin resulted in either no effect on electrophoretic mobility or an increase in mobility. The finding of increased mobility after treatment with trypsin is not an isolated or anomalous finding, a similar finding having been reported for guineapig cerebral cortex synaptosomes (Bosmann, 1972a) and for chicken erythrocytes (Seaman & Uhlenbruck, 1963 Fig. 3 , indicates the presence of a mono-ionic group with a pKa between 3.0 and 3.8. Mobility is essentially constant at -3.55jum s-I V-l cm above pH5.0 (Fig. 3) .
The data of Fig. 4 demonstrate that the electrophoretic mobility of synaptic vesicles at pH7.2 is a function of the bulk ionic strength of the suspending media.
Effects ofbivalent cations. Table 4 gives the results of studies of the decrease in the mobility of synaptic vesicles by bivalent cations in the measuring medium. Mn2+ and Ca2+ were significantly more effective in decreasing vesicle mobility than was Mg2+, Sr21 or Ba2+. Further studies are in progress to determine selectivity sequences and the effect which macroenvironmental influences such as pH and ionic strength may have on these sequences (Diamond & Wright, 1969) . 
Discussion
The data presented show that the membranes of isolated guinea-pig synaptic vesicles are strongly negatively charged at near-physiological and physiological values of pH and ionic strength. In saline medium the mobility was determined to be -1.35±0.04,um s,-1V-1*cm. This corresponds to an uncorrected zeta potential of -1 7.3 mV. Neglecting relaxation effects, but including a correction for field interactions necessitated by the small size of vesicles, results in a slightly larger zeta potential, -18.9mV. In saline-sorbitol medium, above pH5.0, mobility was essentially constant at -3.55 ±0.04 ,um s-IV-1 cm, corresponding to an uncorrected zeta potential of -45.6mV. Neglecting relaxation effects, which in this instance should influence results only slightly (Davies & Rideal, 1963) , but using a sizeable correction for field interactions, results in an estimated zeta potential of -54.3mV. The magnitude of the mobility of synaptic vesicles can be (Bosmann, 1972a ) measured in saline-sorbitol; rat cerebralcortex mitochondria, -2.88 ±0.01 m*s-*V-1*cm ; human erythrocytes, -2.78 ± 0.08,fm's-1 V-1 cm (Heard & Seaman, 1960) .
Numerous other mammalian membrane surfaces are characterized by electrophoretic mobilities much lower than that found for synaptic vesicles. The chromaffin granule membrane is an important exception to this generalization (Matthews et al., 1972) and will be discussed below. The variation of electrophoretic mobility with pH at constant ionic strength (Fig. 3) indicates the involvement of a dissociable acid function with a pKa in the range of 3.0-3.8, suggestive of weak carboxyl groups. This value seems larger than the pKa2.0-2.5 expected for phosphategroups (Bangham et al., 1958) , and the rather surprising finding that neuraminidase treatment had no effect on mobility makes it unlikely that the relatively strong carboxyl groups of sialic acids contribute significantly to vesicular electrokinetic properties. Neuraminic acids may well be present in vesicles (Wesemann et al., 1971) , but are either refractory or inaccessible to neuraminidase attack as judged by the inability to demonstrate released sialic acid after neuraminidase treatment and, as indicated, must be present in small amounts.
Treatment of vesicles with hyaluronidase or chrondroitinase ( This laboratory has previously published the results of similar studies of the electrokinetic properties of isolated guinea-pig synaptosomes (Bosmann, 1972a; Bosmann & Carlson, 1972) and a comparison of their properties with those of synaptic vesicles is of some interest. Synaptosomes in saline-sorbitol media had a an electrophoretic mobility of -1.86+ 0.04,tm s-I V-cm, compared with the unusually high value of -3.55±0.04jLm s-1-V-l cm for synaptic vesicles. Neuraminidase treatment of synaptosomes decreased mobility by 20% and did so in a time-and concentration-dependent manner. Release of synaptosomal sialic acid closely paralleled the decrease in mobility and the calculation of a pK. of 2.7 for an acid function at the surface of shear was consistent with the conclusion that sialic acid is present at the nerve-ending periphery and significantly contributes to the electrokinetic properties of the synaptosomal surface. The mobility of synaptic vesicles, as discussed previously, was unaffected by neuraminidase treatment over a wide range of concentrations. In addition, whereas treatment of synaptosomes with trypsinized concanavalin produced a definite decrease in mobility, similar treatment of vesicles led to a slight increase in mobility. Thus the electrokinetic properties of isolated synaptosomes and the properties of synaptic vesicles are markedly different, not only in the magnitude of the charge at the shear plane but also in the nature of the groups contributing to that charge. This fact may relate to the mechanism of neurotransmitter release.
